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Abstract 
Low-density Magnesium alloys are increasing in importance to address emissions in 
transportation systems. Alloying with Aluminium improves mechanical properties though has 
the tendency to form the microstructural Mg17Al12 phase, limiting use at high temperatures due 
to poor creep properties. With further introduction of Lanthanum, Mg17Al12 is able to be 
supressed with preferential formation of intermetallic phases. This has increased interest in the 
Mg-Al-La ternary system and motivated this work to refine the transition between phase fields 
in the Mg-Al-La system and concurrently characterise morphology. This work can be used as 
a foundation to optimise the selection of alloys in order to achieve desired material properties.   
The purpose of this work is to identify solidification pathways and fundamental mechanisms of 
eutectic solidification, of the scoped Mg-rich portion of the Mg-Al-La system, including the 
effect of differing composition on the morphology of the eutectic phases. With this, refinement 
between the phase fields and characterisation of phase morphology, with differing 
compositions, is established. Currently, there is no extensive documentation of systematic 
research with regard to the effects of composition on cast microstructures and their relevant 
mechanical properties; this work aims at filling this gap in knowledge. 
Research and optimisation of the Mg-Al-La system has suggested a variety of phases form in 
the scoped Mg-rich portion of the phase diagram, with different phases forming according to 
alloy composition. To investigate this, eleven alloys were casted in the Mg-rich portion, their 
composition based on Scheilein solidification parameters. Following this, there was 
examination of microstructures and identification of phases using SEM/EDS and ImageJ.    
The findings indicate that the impact of composition on the formation of phases and their 
morphology is more complex than previously assumed. The findings show solidification 
pathways are dependent on regions of the Mg-rich portion of the phase diagram in which the 
alloys are casted. Additionally, by differing composition, the morphology of the eutectic phases 
alters and intermetallic phases form around primary Mg grain boundaries with preferential 
formation due to localised reactions. The major significance in findings is reliable prediction of 
microstructures and morphology of phases, depending on alloy composition.  
Overall, the relationship between composition and phase properties is due to the regions in the 
Mg-rich portion of the Mg-Al-La phase diagram which the compositions of alloy correspond.  
The implications of such is accurate prediction of microstructure, morphology and respective 
properties. However, limitations exist with the amount of data analysed, experimental testing 
of mechanical properties, lack of thermal analysis and assumptions in modelling regions. 
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1. Thesis introduction and definition, aims and scope
1.1. Topic introduction
In order to address the issue of emissions in transportations systems, low-density structural 
alloys, particularly using magnesium, are increasing in importance. Compared to polymeric 
materials, structural components manufactured from Magnesium and its alloys have greater 
mechanical properties, high castability and tolerance to machining, good weldability and are 
readily available. However, widespread application has been limited due to factors such as 
solidification shrinkage and lower elastic moduli [1]; these limiting factors are being addressed 
through investigation of Mg-Al system alloys. 
With the introduction of Aluminium, alloys have improved strength properties and corrosion 
behaviour whilst having a relatively lower cost. However, structural components used in 
transportation require high temperature tolerance; due to this, alloys in the Mg-Al system are 
of disadvantage due to deteriorating creep properties from the formation of the microstructural 
Mg17Al12 phase in the form of a divorced/semi-divorced Mg + Mg17Al12 eutectic, during non-
uniform solidification [2]. Thus, Mg-Al-La alloys are of focus. 
With the introduction of rare earth Lanthanum, improved creep properties are present due to 
suppression of Mg17Al12 through formation of Al-La intermetallic compounds, mainly Al11La3 
and Al2La [3]. Additionally, alloys have been noted to have greater strength-ductility 
combinations and are highly castable [4]; yet, systematic research with regard to the effects of 
composition on cast microstructures and their relevant mechanical properties has not been 
extensively documented. 
The purpose of this thesis is to identify solidification pathways and fundamental mechanisms 
of eutectic solidification in Mg-Al-La alloys, including the effect of differing composition on 
the morphology of the eutectic phases. This is relevant in predicting the resulting microstructure 
and properties due to formation of intermetallic compounds, according to the specific elemental 
composition.   
1.2. Project definition and aims and scope 
1.2.1. Project definition and aims 
This project involved casting eleven alloys of different composition in the Mg-Al-La system.  
This project aimed at generating an accurate projection of phase diagram based on experimental 
analysis of solidification pathways and mechanisms of eutectic solidification.  
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The overall goal being to refine the transition between phase fields and concurrently 
characterise phase morphology. This work can be used a foundation to optimise the selection 
of alloys in order to achieve desired material properties.    
1.2.2. Project scope 
In context, this project involves examination of changes in alloy microstructure through 
compositional changes, with focus only in the Mg-rich portion (for Al, La ≤ 30wt%) of the Mg-
Al-La ternary phase diagram, to narrow the scope. Accurate determination of optimal eutectic 
volume fractions is outside the scope of investigation; however, volume fraction analysis 
supports phase composition analysis in highlighting trends of the relative phases formed.   
Whilst this research has relevance in casting of alloys with improved mechanical properties, 
experimental testing and analysis of mechanical properties is out of scope. Additionally, 
investigation and analysis between composition and creep properties is out of scope. Literature 
review into composition and cooling curves for Mg-Al, Mg-La and Al-La binary systems is 
also out of scope, with focus on phase formation in the Mg-Al-La system.  
Boundaries and limitations form due to the number of alloys cast to characterise the phase 
diagram. The basis of the project involves assumptions regarding phase volume fraction as well 
as diffusion of phases in Scheilein solidification (to model solidification pathways), which are 
all explained further in subsequent chapters.  
1.3. Thesis summary 
This report will outline the definition, aims and scope of the thesis, as well as a review of 
background material. There is evaluation of the approach and execution alongside experimental 
plans. Following results and experimental data will be a discussion with concluding remarks to 
summarise outcomes.  
Background will cover the general theory of solidification and phase formation, eutectic 
reactions and ternary systems as well as a specific literature review of Mg-Al-La related 
systems. Relevant work and findings is then discussed. The approach and execution introduces 
Scheilein solidification with an analysis of currently employed experimental techniques for 
casting preparation and sample processing. Experimental plans will highlight measures of 
safety and experimental methods. Results and experimental data will firstly validate phases via 
Scanning Electron Microscopy (SEM), followed by analysis of as-cast microstructures, 
concluding with volume fraction estimation. The discussion of results relates findings to the 
goals and objectives of the thesis with practical applications and concluding remarks 
summarises findings and recommends further work. 
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2. Background
2.1. General theory
2.1.1. Solidification and phase formation 
According to thermodynamic principals, a reaction will occur only if it will lead to a reduction 
in the total energy of the system. Thus, the bulk driving force in solidification is the temperature 
change when alloys cool from their melting temperature (as the solid state has reduced energy). 
The solidification of alloys has a number of variables, such as their components and relative 
amounts, which lead to formation of phases (structurally homogeneous regions of minimal free 
energy) across certain temperature ranges [5]; once these phases are created, the overall 
microstructure of the alloy is formed. A phase diagram displays information about the control 
of the phase structure of a system. 
In simplification, three main lines outline the boundaries of a phase diagram: liquidus, solidus 
and eutectic. The liquidus separates the liquid and solid phases. Upon passing through the 
liquidus the primary phase forms. Formation of the primary phase will continue to occur until 
eutectic or solidus line, below which only the solid phase exists [6]. The eutectic line is 
isothermal and characterises the equilibrium between phases formed. 
2.1.2. Eutectic reactions 
During eutectic transformation, atomic diffusion causes distribution of system components to 
form the eutectic microstructure. Cooling either side of the eutectic isotherm (hypoeutectic or  
hypereutectic) results in transformation of the morphology and a mixture of micro constituents 
of primary and eutectic phases [6]. To distinguish between the primary and that within the 
eutectic, convention is α - ‘phase’ and ‘phase’ eutectic respectively.  
Structurally, hypoeutectic primary phases are normally dendritic whilst other phases may be 
acicular or polygonal [7];  Figures 1–1, 1-2 and 1-3 are respective examples - These 
transformations are complex for ternary systems due to variability in a three-component system. 
Figure 1 - 1: Dendritic, 2: Acicular (rod-like), 3: Polygonal [8]. 
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2.1.3. Ternary systems 
Three composition variables describe ternary systems – Figure 2-1 describes the relationship 
between temperature and composition of phase equilibria on a 3-D plot. Figure 2-2 shows an 
isothermal section plot, projecting the liquidus surface onto the composition plane created by 
slices of Figure 2-1, with spacing indicating slopes of the surface [5]. The compositions of 
Figures 2-1 and 2-2 are able to be plot on an equilateral triangle in Figure 2-3, detailing the 
fraction of each composition. By superimposing isotherms on Figure 2-3, the relationship 
between temperature and phase formation becomes clearer in practise. 
1 
2 
3 
Figure 2 - 1: Ideal space model with continuous series of liquid and solid solutions, 2: 
Projection of the liquidus surface onto composition plane, 3: Equilateral triangle plot of 
compositions [5]. 
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2.2. Literature review of Mg-Al-La related systems 
2.2.1. Mg-Al system 
Crossing through the liquidus and solidus lines, the eutectic reaction of interest is: 
 Liquid →  Mg + Mg17Al12. 
Figure 3 Magnesium-Aluminium binary phase diagram [9]. 
2.2.2. Mg-La system 
Crossing through the liquidus and solidus lines, the eutectic reaction of interest is: 
 Liquid →  Mg + Mg12La. 
Figure 4 Magnesium-Lanthanum binary phase diagram [9]. 
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Two eutectic reactions are of interest in Figures 3 and 4, with the final reactions in Figure 5. 
2.2.3. Al-La system 
Crossing through the liquidus and solidus lines, the eutectic reactions of interest are: 
 Liquid → Al + AlxLay (where x = 2, 3, 11 and y = 1, 1, 3 respectively).
Figure 5 Aluminium-Lanthanum binary phase diagram [9].1 
The three binary phase systems represented in Figures 3, 4 and 5 detail the five main phases of 
this investigation, which form during solidification of alloys in the Mg-Al-La system: 
 Mg12La
 Mg17Al12
 Al2La
 Al3La
 Al11La3
Review into the eutectic phase formation temperatures for the binary systems, between different 
literature sources, is out of scope. The focus of this project is to understand the relationship 
these phases have in the ternary Mg-Al-La system and characterise how differing alloy 
composition effects the resultant microstructure formed, in a specific region.  
1 All binary phase diagrams have been sourced from Himikatus.ru [9] to ensure accuracy and ease of comparison 
for the reader. 
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2.2.4. Mg-Al-La system 
The focus of this current project and this review is the Mg-Al-La ternary system and in 
particular, the Mg-rich portion where Al, La ≤ 30 wt%. Through theoretical thermodynamic 
modelling, phase boundaries of the Mg-rich portion exist; this project aims at investigating the 
theoretical models by providing experimental insight into phase formation at certain 
compositions. Firstly, there is a review of the ternary system alongside its development and 
secondly, discussion on how these developments created a basis for theoretical modelling. 
Figure 6 - 1: Calculated 673K isothermal section of the Mg-Al-La system [10], 2: Calculated 
673K isothermal section in comparison with experimental data of Odinaev of the Mg-Al-La 
system [11, 12]. 
Figure 6-1 details the ternary system thermodynamically optimised by Hosseinifar and 
Malakhov [10]; Optimisation occurred by manipulating and extrapolating a number of sources 
of literature to maximise accuracy in results. Figure 6-2 details the ternary system optimised by 
Jin, Kevorkov, Medraj and Chartrand, superimposed on work from Odinaev [11, 12]; 
Optimisation occurred through basing it on their previous optimisations of the Mg-La, Al-La 
and Al-La binary systems and by assuming short-range ordering of atoms.    
Jin et al. [12] details that consideration of solid solubility of Al in Mg12La is a key difference 
between their work and that of Hosseinifar et al. [10]. Furthermore, instability of Mg2La at 
673K is a discrepancy between their work and that of Odinaev [11], who considers it stable.  
Jin et al. [12] concludes that Odinaev [11] may have not considered high evaporation of Mg 
alloys alongside oxidation of La and difficulties experienced of casting at high temperatures. 
With review of the ternary system and its development condensed, discussion is over page of 
the liquidus projection and primary solidification fields, of the works cited, as represented in 
Figures 7-1 and 7-2. 
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Figure 7 - 1: Projection of liquidus surface and primary solidification fields of the Mg-Al-La 
system [10], 2: Projection of liquidus surface and primary solidification fields of Jin et al. 
with experimental data of Hosseinifar et al. of the Mg-Al-La system [10, 12], 3: Projection of 
Mg-rich portion of Mg-Al-La system, for Al, La ≤ 30 wt.%. 
Figures 7-1 and 7-2 display the projected liquidus surface and primary solidification fields of 
the Mg-Al-La system of Hosseinifar et al. [10], and Jin et al. [10, 12] respectively. Projections 
are for a range of isotherms on their equilateral triangle plot of compositions (refer to Figures 
2-1, 2-2 and 2-3 for explanation). Using experimental data from Figure 7-1, with assumptions
and parameters specified by Jin et al. [12], the calculated liquidus projections of Figure 7-2 
show agreement, supporting the fields outlined. Now, Figure 7-3 models the Mg-rich portion 
of the supported ternary system where Al, La ≤ 30 wt%, using Pandat® and MS Excel. 
University of Queensland Engineering Thesis 
9 
2.2.5. Relevant work and findings 
The five phases outlined in Chapter 2.2.3 form in the Mg-rich portion of the Mg-Al-La system 
(Mg17Al12 can form, though there are no projected phase boundaries). This project focuses on 
characterising Figure 7-3 as to hopefully, ultimately aid in choosing alloys of composition to 
supress the Mg17Al12 phase and of suitable microstructure and mechanical properties.  
In review of literature, there are minimal sources which detail the variation of microstructure 
over a wide range of compostions. Experiments completed usually have a fixed composition of 
Al and vary their La composition over a relatively small range. However, their findings are vital 
in collecting information for comparison with the experiments completed for this project and 
will therefore be reviewed below (refer to Figure 8 for plotted compositions from literature). 
Figure 8 Projection of Mg-rich portion of Mg-Al-La system, for Al, La ≤ 30 wt.% with 
compositions from literature. 
The compositions of the sources of literature are according to their colour and symbol with 
Table 1 over page detailing alloys and their phases. Figures 9-1, 9-2, 9-3 and 9-4 display SEM 
micrographs of Mg-4Al alloys with different La content in permanent mould casting. 
University of Queensland Engineering Thesis 
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Table 1 Literature review summary.2 
Symbol Processes Alloy Phases Reference 
o 
*HPDC & PMC
SEM/EDS Mg-4Al-1RE Mg, Mg17Al12, Al11La3 [13] 
o 
PMC 
XRD Mg-4Al-1.5La Mg, Al4La, Al11La3 [14] 
o * 
Mg-4Al-2RE 
Mg, Mg17Al12, Al11La3 [13] 
o 
HPDC 
SEM/EDS & XRD Mg, Al2La, Al11La3 [15] 
o 
PMC 
SEM/EDS Mg, Mg17Al12, Al11La3 [16] 
o 
PMC 
SEM/EDS Mg, Al11La3 [17] 
o 
* 
Mg-4Al-3RE Mg, Al11La3 [13] 
o * 
Mg-4Al-4RE 
Mg, Al11La3 [13] 
o 
HPDC 
SEM/EDS Mg, Al3La, Al11La3 [18] 

**PMC 
SEM/EDS & XRD Mg-3Al-0.5La Mg, Mg17Al12, Al11La3 
[19] 

** 
Mg-3Al-1La Mg, Al11La3 

** 
Mg-3Al-2La Mg, Al2.2La0.8, Al11La3 
Investigation of studies lead to interesting results, summarised in Table 1. Firstly, three trials 
involved HPDC, whilst five trials involved PMC. To analyse the microstructure, SEM/EDS 
was used for six trials and XRD used for three trials.  
2 HPDC = High Pressure Die Casting, PMC = Permanent Mould Casting, SEM = Scanning Electron 
Microscopy, EDS = Energy-Dispersive X-ray Spectroscopy, XRD = X-ray Powder Diffraction and RE = Rare 
Earth, where La is typically ≥ 80% 
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Samples prepared by HPDC used a cold-chamber and steel die, whilst samples prepared by 
PMC used metallic moulds, typically pouring with a protective SF6 + CO2 atmosphere [13-19]. 
Figure 9 - 1: Mg-4Al-1La, 2: Mg-4Al-2La, 3: Mg-4Al-3La, 4: Mg4Al-4La [13]. 
SEM/EDS, alongside XRD, analysed the microstructures for a few of the experiments in order 
to clarify phase patterns and morphologies. In the study conducted by Moosa [14], samples 
were cut and cleaned with an ultrasonic bath using ethanol. Samples were ground with silicon 
carbide paper of 200, 500, 800, 1000 and 1200 grit, washed with water and polished with an 
alumina suspended cloth. After ultrasonic cleaning once more, samples were dried and etched 
in glycol solution to obtain optimum image resolution. Subsequent chapters discuss this further 
in order to identify which process will lead to accurate results, considering available resources. 
As per Table 1, for the Mg-4Al-xRE alloys, when x = 1-3, the phases are Mg, Mg17Al12 (x = 1-
2) and Al11La3. According to Bai, et al. [13] Al2La should be present, however its absence is
due to the preferential segregation of La into Al11La3. This is supported by work completed by 
J. Zhang, et al. [20], which observed that not until the La content was over 5.5% could XRD
successfully pick up the readings corresponding to Al2La for this compositional range, for die 
cast alloys. Furthermore, the volume fraction of Al11La3 tended to increase as x increased [13]. 
When x = 4, there is no evidence of Mg17Al12. Due to the variability of phases by using different 
processes, it is difficult to detail which phases form with great accuracy. 
For Mg-3Al-xLa alloys a different variety of phases form. When x = 0.5, Mg, Mg17Al12 and 
Al11La3 form whilst when x = 1, Mg17Al12 is not recorded. When x = 2, Al2.2La0.8 is reported to 
form. In analysis, this phase could possibly be Al3La considering uncertainty in results. Sources 
outline that α-Mg has a dendritic structure, Mg17Al12 a divorced eutectic and Al11La3 a needle-
like structure [13-19]; examples of the phases are in Figures 9-1, 9-2, 9-3 and 9-4.  
From this review, a small change in composition may result in a different microstructure for 
the Mg-rich portion of the Mg-Al-La system. To support this hypothesis, this project 
investigates the microstructure, phases and morphologies of eleven different alloys. 
Additionally, the volume fraction of the alloys is analysed to identify trends.  
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3. Approach and execution
3.1. Fundamental mechanisms of eutectic solidification - Scheilein pathways
The purpose of this thesis is to identify solidification pathways and fundamental mechanisms 
of eutectic solidification in Mg-Al-La alloys of the Mg-rich portion of the system. Equilibrium 
phase diagrams are independent of temperature, thus, the Scheil equation models theoretical 
solidification pathways. During solidification of an alloy, the Scheil equation describes solute 
redistribution; At the solid-liquid interface, a local equilibrium is assumed of the advancing 
solidification front, thereby approximating non-equilibrium solidification [21].  
In formulation, there are two assumptions: 
1. No diffusion in solid phase: DS = 0;
1.1.  Rejection is completely into the liquid.
2. Characteristic diffusion distance is smaller than sample length: √Dst ≪ L;
2.1. Convection and/or stirring causes complete mixing of the solute in the liquid. 
The Scheil equation is  Cs = kC0(1 − fs)
k−1  where:
Cs is the concentration of solute in the solid, fs is fractional distance, C0 is the initial liquid 
concentration and k is the partition coefficient. Refer to Figure 10 for superimposed plots.
Assumptions are the partition coefficient 0.37 and Mg diffusing to a maximum fractional 
distance of 0.5. For tabulation of initial conditions and parameters, refer to Appendix A.
Figure 10 Projection of Mg-rich portion of Mg-Al-La system, for Al, La ≤ 30wt% with 
Scheilein solidification lines. 
University of Queensland Engineering Thesis 
13 
As can be seen in Figure 10, eight solidification lines have been superimposed. Alloys casted 
in experimentation are of compositions where the fractional distance initiates. Additionally, for 
the purpose of analysis, there is casting of alloys in the primary phase fields of Mg12La, Al3La 
and Al11La3. Listed below are their exact compositions as represented in Figure 10: 
Primary phase field alloys: 
 Mg-2Al-17La  Mg-17Al-5La  Mg-23Al-2La
Mg-rich alloys: 
 Mg-1.3Al-7.5La
 Mg-2.5Al-7.4La
 Mg-3.3Al-7.4La
 Mg-4.1Al-6.3La
 Mg-5.8Al-4.75La
 Mg-7Al-3.8La
 Mg-9.9Al-2La
 Mg-13.1Al-0.55La
With eleven alloy compositions set, there is now evaluation of techniques used in analysis. 
3.2. Morphology of eutectic phases in Mg-Al-La alloys - Techniques 
3.2.1. Analysis of microstructure using SEM and identification of phases using EDS 
SEM and EDS are useful tools for examining the microstructure of alloys and characterise their 
elemental composition respectively. SEM operates by scanning the surface of an alloy with an 
electron beam and collecting the resultant reflected beam of electrons [6].  EDS operates via 
quantum principals to identify elemental composition.  
As per Chapter 2.2.5, a large majority of studies use SEM/EDS and since this study is focused 
on analysing phase particles and their morphology, SEM/EDS is supported to be used to obtain 
images of high resolution and accurate elemental compositions - Also noting SEM machines 
are accessible at the University of Queensland.  
3.2.2. Evaluation of XRD 
XRD is an alternative used in literature, though it has limitations in operation. In review, XRD 
complements SEM/EDS analysis. As detailed prior, XRD was unable to pick up the Al2La 
phase with great accuracy until it was over 5.5wt% of the sample. Additionally limitations of 
XRD are that homogeneous and single phase alloys are optimal and around at least 2wt% is 
required for detection [22]. As this project involves more than a single-phase alloy and weight 
percentages can be less than the 2-5wt% range, recommendations are for SEM. 
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3.2.3. Determination of area and volume fraction using ImageJ software  
The volume fraction of a phase describes how much it is within an alloy. Obtaining accurate 
measurements of the volume fraction is difficult in practise, though techniques such as 
measurement of the area fraction approximate it. By tracing the phase and determining the area 
for each particle, the area fraction is obtained by summation of all areas divided by the specific 
area of interest (particular phase) [23]. For this project, ImageJ® software (readily available 
online) traces phases. 
3.2.4. Evaluation of lineal fraction and point fraction methods 
Apart from estimations from area fraction analysis, there are two alternative approaches, the 
lineal fraction and point fraction methods. The lineal fraction method uses the sum of lengths 
of line segments within a phase, divided by its total length to obtain the volume fraction. The 
point fraction method uses a clear plastic grid with systematically spaced points on a 
micrograph, with the number of points lying on the phase, by the total number of grid points, 
being the volume fraction [23]. 
According to Friel [23], studies show that the all three methods are an unbiased estimations of 
the volume fraction - As per recommendations, measurements should be taken over a large 
polished surface and not confined spaces. Additionally, the respective densities of phases need 
consideration. 
ImageJ software calculates the area fraction to estimate the volume fraction for this project. It 
is important to note the density of phases creates uncertainty; however, this analysis is useful 
in understanding trends in the data, importantly whether the fraction of a phase changes with 
composition by a large magnitude.  
3.3. Casting preparation and procedures 
Permanent mould casting (PMC) has a few potential weaknesses regarding the cast quality due 
to environmental conditions. To minimise adverse effects, compounds coat the permanent 
mould, improving the cast quality due to formation of ions reducing oxidation at the mould 
interface. Additionally, purging the mould with cover gas (CO2 and/or SF6) prior to pouring 
reduces oxygen levels and improves the casting quality [24]. Numerous sources use this 
method, as discussed in Chapter 2.2.5. 
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3.3.1. Evaluation of sand casting and high pressure die casting 
Sand casting (SC) and PMC (utilised in this project), are used for a variety of structural 
applications. In comparison to SC, PMC has better surface finish, precise and consistent 
dimensional control and due to faster solidification, improved mechanical properties [24].  
Permanent mould casting was used in multiple studies reviewed, was determined to result in 
similar phases as HPDC and is a better process than sand casting; thus, with the given 
experimental equipment constraints at the University of Queensland, was deemed suitable as 
the project casting method. 
3.4. Sample preparation and processing with evaluation 
In order to optimise the phases seen in SEM, samples undergo grinding and polishing (detailed 
in Chapter 4). This process removes impurities on the surface and creates a flat surface area for 
analysis. These processes are supported by the study conducted by Moosa [14], with five levels 
of grit and multiple bath cleanings, detailed in Chapter 2.5.5.  
Alternative approaches to grinding and polishing are in the grit paper used and the polishing 
methods. These procedures are also optional though ensure optimal image quality in SEM. 
4. Experimental plans
4.1. Safety and procedural development
In order to conduct experiments, appropriate safety inductions in accordance to The University 
of Queensland’s occupational health and safety regulations were completed. Inductions that 
were covered include Hazards and risks, using PPE, safety in the workplace and emergency 
procedures. In addition, the appropriate SDS for La indicated it is highly rated for flammability. 
Casting initially involved two samples to determine feasibility. From this, a greater amount of 
La than calculated was required as EDS indicated lower than expected results. With an 
additional 0.05%, results aligned to those expected from calculations.  
For example, all the alloys were to be 60g, thus for Mg-1.3Al-7.5La: 
Mg = 91.2% = 60 × 0.912 = 54.72g 
Al = 1.3% = 60 × 0.013 = 0.78g 
La → (7.5 × 1.05) → 60 × (7.5 × 1.05) = 4.73g 
University of Queensland Engineering Thesis 
16 
Table 2 reiterates and summaries the alloys for casting, with their designation and composition. 
Refer to Appendix B for experimental compositions based on SEM analysis. 
Table 2 Alloy designation and composition wt.%. 
4.2. Experimental methods 
4.2.1. Casting 
All alloys were prepared from commercial ingots of Mg, Al and La and weighed using a digital 
balance. Preheating of cylindrical steel moulds in a furnace occurred at 250oC until alloys were 
ready to cast. La was prepared by wrapping it in Aluminium foil. A boron nitride coated crucible 
contained the Mg and Al and placed inside a separate furnace set at 850oC for 10 minutes. After 
removal of the crucible from the furnace and addition of the La, there was mixing of the melt 
under a cover gas of 1%SF6, 49% CO2 and air, to minimise tendency of explosion and oxidation. 
The crucible was inside the furnace for two more 45-minute periods with stirring over the cover 
gas in between to increase melt homogeneity. Upon completion, the steel moulds were removed 
from the preheat furnace and placed near the melt furnace. The melt was then poured into the 
moulds over the cover gas and allowed to cool in room temperature.  For the ten remaining 
alloys, there was repetition of this entire process. Refer to Figure 11 for the casting setup. 
Designation Alloy Mg Al La
Mg-2Al-17La Bal 2.0 17.0 
Mg-17Al-5La Bal 17.0 5.0 
Mg-23Al-2La Bal 23.0 2.0 
Mg-1.3Al-7.5La Bal 1.3 7.5 
Mg-2.5Al-7.4La Bal 2.5 7.4 
Mg-13.1Al-0.55La Bal 13.1 0.6 
Mg-3.3Al-7.4La Bal 3.3 7.4 
Mg-7Al-3.8La Bal 7.0 3.8 
Mg-4.1Al-6.3La Bal 4.1 6.3 
Mg-5.8Al-4.75La Bal 5.8 4.8 
Mg-9.9Al-2La Bal 9.9 2.0 
Composition wt%
Primary phase 
field alloys
Mg-rich alloys
University of Queensland Engineering Thesis 
17 
Figure 11 Casting setup. 
4.2.2. Metallography, microstructure analysis and SEM/EDS 
Prior to polishing as-cast samples in the Tegra Force – 5 machine, there was mounting in 
Polyfast epoxy coating. The process of grinding and polishing is summarised in Table 3.  
Table 3 Metallography specifications. 
Duration (s) SiC paper/polishing disc Lubricant Further details 
180 SiC 320 Water 
Force = 20N/120N 
Disc speed = 150RPM 
Sample holder = 150RPM 
180 
 (Repeated 
three times) 
SiC 1200 Water 
Force = 20N/120N 
Disc speed = 150RPM 
Sample holder = 150RPM 
150 Lago Water 
Suspension = 2/4 
Force = 10N/60N 
Disc speed = 150RPM 
Sample holder = 150RPM 
150 Mol DiaPro 
Suspension = 2/5 
Force = 10N/60N 
Disc speed = 150RPM 
Sample holder = 150RPM 
180 Nap NapB 
Suspension = 2/5 
Force = 15N/90N 
Disc speed = 150RPM 
Sample holder = 150RPM 
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Once polishing procedures were complete, the samples were washed in alcoholic solution, 
pressure dried and stored under vacuum. A holder attached to the samples before SEM in 
TM3030. Upon placement in TM3030, vacuum was sealed (refer to Figure 12).  
Figure 12 Tegra Force - 5 [25], mounted sample with holder and TM3030 tabletop SEM. 
5. Results and experimental data
5.1. SEM/EDS validation of phases
5.1.1. Primary phase field alloys 
In order to identify the phases observed in the microstructures, there was calculation of atomic 
percentages alongside comparison of morphology with that found in literature for primary phase 
field alloys. Figure 13 details examples of SEM mixed-map images.  
Figure 13 SEM x2500 magnification mixed-map images of primary phase field alloys - 1: Mg-
2Al-17La, 2: Mg-17Al-5La, 3: Mg-23Al-2La. 
As per Figure 13, Mg12La has an irregular structure, Al11La3 a prominent rod like and Mg17Al12 
an irregular shape. Additionally, Al11La3 and Mg17Al12 are clearly distinguishable due their 
relative elemental densities; support for these phase morphologies are present in literature.  
To support identification via morphologies, calculations involving the atomic composition of 
alloys (refer to Figure 14) discovered the ratio of Al/La with relative uncertainty.  
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Averages condensed multiple data samples for a single alloy (refer to Appendix C for tabulated 
data and calculations), with results plotted in Figure 15.  
Figure 14 Atomic composition of primary phase field alloys. 
Figure 15 Plot of average Al/La ratios for primary phase field alloys with uncertainty. 
Alloy grouping 1, the Mg-2Al-17La data set, indicated the presence of Al2La, within 
uncertainty. This is supported by the modelled solidification pathway in Figure 10. 3  
Alloy grouping 2, the Mg-17Al-5La data set, indicated that phase could either be any of the 
three Al-La phases within uncertainty. Even though the Al3La is expected, after comparison to 
literature, it was concluded that this phase is most likely Al11La3 with a large rod-like structure. 
This presents uncertainty in the phase boundaries between the Al3La and Al11La3 phase.  
3 Groupings indicate phases of similar atomic composition, refer to Appendix C for full tabulated data sets. 
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Lastely, alloy grouping 3, the Mg-23Al-2La data set, indicated the phase could also be any of 
the three Al-La phases within uncertainty. However, it is highly likely to be Al11La3 due to its 
morphology, location in Figure 10 and small relative uncertainty.  
5.1.2. Mg-rich alloys 
Investigation of the phases in the Mg-rich alloys to tended to support the findings from the 
primary phase field alloys. Figure 16 below displays the SEM mixed-map images. 
Figure 16 SEM x2500 magnification mixed-map images of Mg-rich alloys - 4: Mg-1.3Al-
7.5La, 5: Mg-2.5Al-7.4La, 6: Mg-3.3Al-7.4La, 7: Mg-4.1Al-6.3La, 8: Mg-5.8Al-4.75La, 9: 
Mg-7Al-3.8La, 10: Mg-9.9Al-2La, 11: Mg-13.1Al-0.55La. 
According to Figure 16, Al11La3 has fine rod-like structure with lower weight percentage of Al 
and as it increases it transitions over to a larger rod-like structure. The Al3La phase has similar 
relative density, though has a polygonal structure.  
In order to validate findings from the primary phase field alloys, there is calculation of the 
atomic composition of the Al-La phases for the Mg-rich alloys, as per Figure 17.  With this 
data, the Al/La ratio is calculated and plotted in Figure 18 to identify any anomalies.  
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Figure 17 Atomic composition of Mg-rich alloys. 
Figure 18 Plot of average Al/La ratios for Mg-rich alloys with uncertainty.
As seen in Figure 17, there are additional groups of presumed Al11La3, with a greater atomic 
composition of Mg than that recorded from the primary phase field alloys. Due to the 
morphologies, phase presumptions support Al11La3. Additionally, calculation of Al/La supports 
this as in Figure 18, alloy groupings 4 and 5 are close to/within the bounds of uncertainty.4 
This validation supports the phases identified in the primary phase field alloys match the phases 
identified in the Mg-rich alloys, with further support from literature review. 
4 Groupings indicate phases of similar atomic composition, refer to Appendix D for full tabulated data sets. 
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5.2. As-cast microstructures 
5.2.1. Primary phase field alloys 
With phase morphologies identified and validated, Figure 19 displays the microstructures with 
(a) x100, (b) x600 and (c) x1200 magnification to allow comparison and to identify trends.
Table 4 summarises findings; refer to Appendix C for all microstructures analysed.  
Figure 19 Microstructures of primary phase field alloys with (a) x100 (b) x600 (c) x1200 
mag. - 1: Mg-2Al-17La, 2: Mg-17Al-5La, 3: Mg-23Al-2La. 
Table 4 Primary phase field - Phase identification summary. 
Phase 
Alloy Mg 
RE = La rich intermetallic 
Mg12La Mg17Al12 
Al2La Al/La Al3La Al/La Al11La Al/La 
Mg-2Al-17La ✓ ✓ 1.3±0.9 ✓ 
Mg-17Al-5La ✓ ✓ 3.6±1.8 ✓ 
Mg-23Al-2La ✓ ✓ 4.2±2.1 ✓
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5.2.2. Mg-rich alloys 
Figure 20 displays the microstructures with (a) x100, (b) x600 and (c) x1200 magnification to 
allow comparison and to identify trends. Table 5 summarises findings; refer to Appendix D 
for all microstructures analysed.  
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Figure 20 Microstructures of Mg-rich alloys with (a) x100 (b) x600 (c) x1200 mag. - 4: Mg-
1.3Al-7.5La, 5: Mg-2.5Al-7.4La, 6: Mg-3.3Al-7.4La, 7: Mg-4.1Al-6.3La, 8: Mg-5.8Al-4.75La, 
9: Mg-7Al-3.8La, 10: Mg-9.9Al-2La, 11: Mg-13.1Al-0.55La. 
Table 5 Mg-rich - Phase identification summary. 
Phase 
Alloy Mg 
RE = La rich intermetallic 
Mg12La Mg17Al12 
Al2La Al/La Al3La Al/La Al11La Al/La 
Mg-1.3Al-7.5La ✓ ✓ 2.1±1 ✓ 
Mg-2.5Al-7.4La ✓ ✓ 2.2±1 ✓ 2.5±0.3 ✓ 
Mg-3.3Al-7.4La ✓ ✓ 2.6±0.9 ✓ 2.3±1.3 ✓ 2.2±0.7 ✓ 
Mg-4.1Al-6.3La ✓ ✓ 2.3±1.3 ✓ 2.9±0.3
Mg-5.8Al-4.75La ✓ ✓ 2.7±1.5 ✓ 4.1±0.6
Mg-7Al-3.8La ✓ ✓ 3.1±1.5 ✓ 5.3±0.5 ✓ 
Mg-9.9Al-2La ✓ ✓ 3.4±2.1 ✓ 
Mg-13.1Al-0.55La ✓ ✓ 3.1±2.2 ✓
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5.3. ImageJ analysis 
5.3.1. Phase area fraction 
5.3.1.1. Primary phase field alloys 
Image J estimates the volume fraction of the alloys from the phase area fraction. Note that 
ImageJ does not distinguish between α-Mg and Mg eutectic, thus, there is uncertainty in exact 
results obtained. Also, it is unable to distinguish between Al2La and Al3La, which is why the 
phase is denoted AlxLay. This analysis supports trends summarised in Chapter 5.2.1. Table 6 
displays the phase area fraction for the primary phase field alloys: 
Table 6 ImageJ phase area fraction in % for primary phase field alloys. 
5.3.1.2. Mg-rich alloys 
This analysis supports trends summarised in Chapter 5.2.2. Table 7 displays the phase area 
fraction for the Mg-rich alloys: 
Table 7 ImageJ phase area fraction in % for Mg-rich alloys. 
Refer to Appendix E for segregated images showing the morphology of the Mg phase for all 
the alloys alongside their respective full tabulated data sets. 
Mg-2Al-17La 0 0.1 - 99.9
Mg-17Al-5La 31.3 - 7.1 - 61.6
Mg-23Al-2La 37.0 - 3.6 - 59.4
Phase Area Fraction in %
Alloy
% α-Mg + 
Mg Eutectic
% AlxLay % Al11La3 % Mg12La % Mg17Al12
Mg-1.3Al-7.5La 66.3 0.3 - 33.4 -
Mg-2.5Al-7.4La 69.4 3.1 13.9 13.7 -
Mg-3.3Al-7.4La 64.8 2.8 23.8 8.7 -
Mg-4.1Al-6.3La 40.9 4.6 54.6 - -
Mg-5.8Al-4.75La 63.6 4.7 31.7 - -
Mg-7Al-3.8La 72.8 2.9 22.1 - 2.2
Mg-9.9Al-2La 48.7 - 7.6 - 43.7
Mg-13.1Al-0.55La 50.6 - 6.4 - 43.0
% Mg12La% AlxLay % Mg17Al12% Al11La3
Phase Area Fraction in %
% α-Mg + 
Mg Eutectic
Alloy
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5.3.2. Eutectic area fraction 
5.3.2.1. Primary phase field alloys 
For further analysis, there is estimation of the eutectic volume fraction for Mg + Al11La3, Mg 
+ Mg12La and Mg + Mg17Al12.
Table 8 displays the eutectic area fraction for the primary phase field alloys: 
Table 8 ImageJ eutectic area fraction in % for primary phase field alloys.
5.3.2.2. Mg-rich alloys 
Table 9 displays the eutectic area fraction for the Mg-rich alloys: 
Table 9 ImageJ eutectic area fraction in % for Mg-rich alloys. 
Figure 21 displays the ImageJ Mg eutectic seperation for the three phases: 
Figure 21 ImageJ Mg eutectic separation examples - Al11La3, Mg12La and Mg17Al12. 
As per Figure 21, Al11La3, Mg12La and Mg17Al12 have rod-like, irregular and divorced eutectic 
strucutures respectively.  
Mg-2Al-17La - - 50.0 50.0 - -
Mg-17Al-5La - - - - 49.1 50.9
Mg-23Al-2La - - - - 51.1 48.9
Average - - 50.0 50.0 50.1 49.9
Alloy % Mg17Al12
Eutectic Area Fraction in %
%Mg % Al11La3 %Mg % Mg12La %Mg
Mg-1.3Al-7.5La - - 50.4 49.6 - -
Mg-2.5Al-7.4La 68.4 31.6 50.0 50.0 - -
Mg-3.3Al-7.4La 64.3 35.7 50.7 49.3 - -
Mg-4.1Al-6.3La 63.5 36.5 - - - -
Mg-5.8Al-4.75La 64.6 35.4 - - - -
Mg-7Al-3.8La 62.7 37.3 - - 49.4 50.6
Mg-9.9Al-2La - - - - 48.6 51.5
Mg-13.1Al-0.55La - - - - 51.0 49.0
Average 64.7 35.3 50.4 49.6 49.6 50.4
%Mg % Mg17Al12Alloy %Mg % Mg12La%Mg % Al11La3
Eutectic Area Fraction in %
University of Queensland Engineering Thesis 
27 
6. Discussion
In the primary phase field alloys, distinct microstructures formed. For Mg-2Al-17La, the 
microstructure consisted of a very fine Mg12La irregular eutectic with Al2La polygonal phases. 
The Mg-17Al-5La and Mg-23Al-2La alloys contained large rod-like Al11La3 surrounded by a 
high volume fraction of Mg17Al12 divorced eutectic at interdentritic regions. 
In the Mg-rich alloys, there was a noticeable trend. For Mg-1.3Al-7.5La, there was formation 
of polygonal Al2La intermetallic relatively distributed around α-Mg dendrites alongside a fine 
Mg12La eutectic. This was similar to Mg-2Al-17La, with the difference being larger α-Mg 
dendrites. Mg-2.5Al-7.4La marked the formation of rod-like Al11La3 intermetallic alongside 
the other phases mentioned previously. Mg-3.3Al-7.4La marked the formation of relatively low 
volume fraction block-like Al3La intermetallic, with polygonal Al2La, rod-like Al11La3 and a 
fine Mg12La eutectic; this supports the modelled solidification pathway. 
With Mg-4.1Al-6.3La, Al2La and Mg12La do not form, leaving block-like Al3La intermetallic 
and a relatively greater volume fraction of very fine Al11La3 distributed around α-Mg dendrites. 
This is the same microstructure as Mg-5.8Al-4.75La except with a relatively lower volume 
fraction of Al11La3, which is less fine and less pronounced α-Mg dendrites. Mg-7Al-3.8La 
marks the formation of very low volume fraction of Mg17Al12 divorced eutectic alongside a 
decrease in the volume fraction of Al11La3 and Al3La intermetallic. In both Mg-9.9Al-2La and 
Mg-13.1Al-0.55La, Al3La does not form and the Al11La3 intermetallic becomes less fine, 
growing much larger alongside an increased volume fraction of Mg17Al12 divorced eutectic. 
ImageJ analysis of the eutectic volume fraction provided similar results. The volume fraction 
for Mg + Al11La3 was roughly 65%-35%, Mg + Mg12La roughly 50%-50% and Mg + Mg17Al12 
roughly 50%-50%. Deviations from results are those in the Mg-9.9Al-2La and Mg-13.1Al-
0.55La alloys, in which the volume fraction of Al11La3 is difficult to measure. The Al11La3
particles are much larger in comparison to other alloys in the Mg-rich portion. A reason being 
that since the alloy solidifies closer to the eutectic point, less of α-Mg in the eutectic forms.     
A thesis goal was to identify fundamental mechanisms of eutectic solidification. Via 
examination of the microstructures, the morphology of α-Mg dendrites is more distinguishable 
depending on the formation of intermetallic. Therefore, during the solidification process, the 
intermetallic phases most likely form around α-Mg grain boundaries. According to Jin et al. 
[12], assuming the solid solubility of Al in Mg12La , precipitation could occur from α-Mg during 
solidification. Furthermore, with a variation of composition, Al11La3 can be formed 
preferentially.   
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According to Bai et al. [13], with lower content of La in Mg-4Al-xLa alloys, residual Al atoms 
in the liquid phase increase the concentration of Al at the solid-liquid interface during non-
equilibrium solidification; this causes segregation in interdentritic regions and eventual 
reaction, either dissolving in the α-Mg matrix or forming Mg17Al12. Therefore, Al11La3 is 
reasoned to preferentially form when there is no residual Al. Furthermore, intermetallic tend to 
form in interdentritic regions due to the low free energy state. The exact mechanism/s which 
leads to formation of either Al2La or Al3La need to be investigated further.  
Using the information above, definition of different regions of the projected Mg-rich portion of 
the Mg-Al-La system occurs as seen in Figure 22. Additionally, Table 10 summarises the 
relationship between pathways and morphology. 
Figure 22 Projection of Mg-rich portion of Mg-Al-La system, for Al, La ≤ 30wt% with 
characteristic solidification regions. 
Table 10 Morphologies of phase dependant on solidification regions. 
Region and alloy/s 
Morphology of intermetallic/eutectic phases 
Al2La Al3La Al11La Mg12La Mg17Al12 
Blue 
Mg-1.3Al-7.5La 
Small, 
Polygonal 
- - Irregular - 
Red 
Mg-2.5Al-7.4La 
Mg-3.3Al-7.4La 
Small, 
Polygonal 
Small, 
Block-like 
Relatively Fine,     
Rod-like (Relatively, 
lowest vol.) 
Irregular - 
Green 
Mg-4.1Al-6.3La 
Mg-5.8Al-4.75La 
- 
Medium, 
Block-like 
Fine,     
 Rod-like, (Relatively, 
highest vol.) 
- - 
Purple 
Mg-7Al-3.8La 
- 
Large, 
Block-like 
Fine, 
Rod-like 
- 
Divorced, 
Low Vol. 
Orange 
Mg-9.9Al-2La 
Mg-13.1Al-0.55La 
- - 
Large,  
Block-like, Dispersed 
- 
Divorced, 
High Vol. 
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Solidification pathways are contained within certain compositional regions and similarly, 
eutectic solidification is dependent on region location. For example, alloys within the purple 
region will tend to form large, block-like Al3La, fine rod-like Al11La3 and divorced, low volume 
fraction Mg17Al12 eutectic within an α-Mg matrix.  
Table 10 shows the effect of differing composition on morphology. Al2La is small, polygonal 
for blue and red whilst Al3La is block-like and increases in size over red, green to purple 
regions. Al11La3 initially starts as fine rod-like and tends to grow larger block-like from red to 
orange regions. Mg12La is irregular for blue and red regions. Finally, Mg17Al12 has a divorced 
eutectic, with lower to higher volume fraction between orange and purple regions. 
To support these findings, there is now comparison to literature with reference to Chapter 2.2.5. 
Figure 23 displays the relevant magnified projection, with compositions from literature, with 
solidification pathways coloured respectively to indicate the regions defined. 
Figure 23 Magnified projection of Mg-rich portion of Mg-Al-La system, for Al, La ≤ 4wt% 
with literature results and a comparison Table for Mg-4Al-xLa (x = 1, 2, 3, 4) alloys [13]. 
With reference to Table 1, for Mg-4Al-xLa (x = 1, 2, 3, 4) alloys, there is deviation from 
predicted results from Figure 23. When x = 1 – 2, all phases in the purple region are predicted, 
though literature sources do not record readings for Al3La. When x = 3, all phases in the green 
region are predicted, though similarly, literature sources do not record readings for Al3La. 
Lastly, when x = 4, all phases in the green region are predicted accurately. 
With reference to Table 1, for Mg-3Al-xLa (x = 0.5, 1, 2) alloys, there is also deviation from 
predicted results. When x = 0.5, all phases in the purple region are predicted, though once more, 
literature sources do not record Al3La. When x = 1, all phases in the purple region are predicted, 
though literature sources do not record Al3La and Mg17Al12. Lastly, when x = 2, assuming the 
reported Al2.2La0.8 phase is Al3La, all phases in the green region are predicted accurately.   
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The study conducted by Bai et al [13], as per Figure 23, detailed that with a 1wt% increase in 
La, the ultimate tensile strength tended to increase. This finding is reasoned with the regional 
model of Figure 22. Alloys Mg-4Al-2La and Mg-4Al-3La transition from the purple to green 
region, where Mg17Al12 is not detailed to form – The region transition is representative of 
different preferential phase formation and thus altered mechanical properties. This is important 
in optimisation of elemental composition of alloys in suppression of Mg17Al12. 
In overall analysis, deviation from predicted phases may be due to specific techniques used and 
slight differences is experimental composition. Differences in composition at such low weight 
percentage may lead to completely different alloy microstructure. Furthermore, with a greater 
weight percentage of La, accuracy in prediction tends to increase; this is could be because there 
is a greater difference between regional boundaries. Therefore, according to this regional 
model, uncertainty in prediction will decrease when compositions near the centre of the region. 
From this evaluation, it is summarised that a change in weight percentage of an element in the 
Mg-rich portion of the Mg-Al-La system leads to a change in microstructure and corresponding 
mechanical properties, due to the solidification pathway and its respective region. Figure 24 
and subsequent discussion explores the practical applications of the model further. 
Figure 24 Projection of Mg-rich portion of Mg-Al-La system, for Al, La ≤ 30wt% with 
characteristic solidification regions and processing windows. 
Figure 24 is relevant in predicting the microstructure and mechanical properties due to 
formation of intermetallic compounds, according to composition. The box represents a 
processing window that predicts the microstructure with a high degree of certainty. 
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For example, for a high strength alloy, assuming the minimum amount of La is 4wt% with 
requirements that Al2La and Mg17Al12 do not form to obtain a high volume fraction of All11La3, 
the composition should be Mg-4Al-5La, as indicated by the centre of the processing window. 
The processing window represents the bounds of certainty in prediction. Outside of these 
bounds, it is likely the microstructure will be different. This is highly useful in practical 
application, in order to select of alloys with optimal properties. 
The limitations of the solidification region model include the assumption of α-Mg dendrites 
forming to 0.5 of the fractional distance. As roughly estimated in ImageJ analysis, the volume 
fraction tends away from 50%. Thus, consideration should be taken in shifting the phase 
boundaries. Furthermore, Mg-17Al-5La does not form Al3La rather Al11La3, even though it is 
in the respective Al3La primary phase field. This indicates boundaries between the two phases 
are closer than that modelled. Lastly, there is relatively large uncertainty in predictions as 
compositions tend towards the Mg-rich corner. This is recommended to be addressed by casting 
alloys around the regional boundaries. Figure 25 is constructed in light of these findings and 
superimposed over the original, Figure 22. 
Figure 25 Revised projection of Mg-rich portion of Mg-Al-La system, for Al, La ≤ 30wt% with 
characteristic solidification regions.  
As per the limitations and findings in experimentation, Figure 25 takes into account the variable 
α-Mg dendrite volume fraction as well as shifting the phase boundaries to include Mg-17Al-
5La in the Al11La3 portion of the projection. This revised model details that alloys in the purple 
and orange regions tend to have lower La content, which could lead to preferential formation 
of a higher volume fraction Mg17Al12 divorced eutectic phase as compared to the Al11La3 phase. 
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7. Concluding remarks
7.1. Analysis of work and insight into significance of results
In analysis of the work conducted, the definition, aims and scope of the thesis were outlined. A 
review of background material covered general theory of solidification and phase formation, 
building knowledge of the relationship between composition and morphology. General theory 
relating to comprehension of ternary systems helped to understand the rest of the document. 
The relevant work and findings addressed relevant literature to catalogue data, identify trends 
and synthesise material.  The approach and execution introduced the concepts of Scheilein 
solidification and its application to the project in terms of compositions of cast alloys. Currently 
employed experimental techniques were investigated and alternative approaches evaluated 
from knowledge gained from background research. Experimental plans set goals and outlined 
methodologies, following from background research.  
The results are of significance as SEM alongside data analysis validated phases formed in 
microstructures. This ensured accurate identification of phases. ImageJ supported these finding 
by tracing of individual phases to obtain estimations of phase volume fraction. These results 
were compared alongside literature to define solidification regions and create new models. 
These models complemented review into mechanisms of eutectic solidification and provided 
means of predication of phases and their morphologies, dependant on alloy composition. 
7.2. Review of main results against stated plan 
The purpose of this thesis was to identify solidification pathways and fundamental mechanisms 
of eutectic solidification in Mg-Al-La alloys of the Mg-rich portion of the system, including the 
effect of differing composition on the morphology of the eutectic phases, with relevance in 
predicting the microstructure and mechanical properties.   
Solidification pathways were identified by mapping phases, with Scheilein solidification 
parameters, to regions on the projected Mg-rich portion of the Mg-Al-La ternary phase diagram. 
Regarding mechanisms of eutectic solidification, intermetallic likely form around α-Mg grain 
boundaries and Mg12La has the tendency to precipitate from α-Mg during solidification. 
Preferential formation of Mg17Al12 over Al11La3 is likely due to residual, liquid phase, Al atoms. 
Further investigation is required into preferred eutectic solidification of either Al2La or Al3La, 
though, it could be simply due to the relative Al and La content. The effect of differing 
composition on the morphology of eutectic phases was clearly summarised in tabular form.  
By mapping regions with corresponding phase morphologies, the resulting microstructure and 
properties can be predicted according to specific elemental composition.     
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Therefore, the overall goal of the thesis has been met as the transition between phase fields has 
been refined and the current model characterises phase morphology, depending on composition. 
As discussed, this work can be used as a foundation to optimise composition of alloys, in order 
to achieve desired mechanical properties via suppression of the undesired Mg17Al12 divorced 
eutectic phase.   
7.3. Summary of outcomes 
 Microstructures and phases of Mg-Al-La alloys are characteristic of the region (in the Mg-
rich section) of formation.
 Intermetallic phases form around α-Mg grain boundaries and preferential formation of
phases is due to localised reactions.
 Differing the composition of alloys affects the morphology and volume fraction of phases.
 As per literature review, the ultimate tensile strength changes depending on which region
the cast alloy corresponds.
 The Mg-rich portion of the Mg-Al-La system for Al, La ≤ 30wt% is newly modelled with
characteristic solidification regions to predict microstructure formation.
7.4. Recommendations for continuation and improvement
Recommendations for continuation and improvement are summarised in Table 11: 
Table 11 Recommendations for continuation and improvement. 
Recommendation Aim 
Additional castings around 
solidification region boundaries. 
Evaluate boundaries modelled in investigation and 
gather data to support findings.  
Mechanical testing of as-cast alloys. Gather support and/or invalidate that the strength of 
as-cast alloys is dependent on the modelled region. 
Analysis of volume fraction via point 
fraction method. 
Obtain accurate results of the volume fraction to 
build a foundation for further data analysis. 
Thermal analysis. Clarify eutectic reaction temperatures and relate to 
microstructural development. 
Cast alloys using HPDC. Identify differences between alloys produced by 
permanent mould casting and HPDC. 
Revision of ternary phase diagram. Allow the engineering community to apply 
findings in this investigation. 
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Appendix A - Scheilein solidification parameters 
Table A1 shows the full set of Scheil equation inputs for up to fs = 0.5: 
Table A1 Scheil equation inputs.
fs Al La Al La Al La Al La Al
0.00 1.30 7.50 2.50 7.40 3.30 7.40 4.10 6.30 5.10
0.01 1.31 7.58 2.52 7.47 3.32 7.47 4.13 6.36 5.13
0.02 1.32 7.65 2.53 7.55 3.34 7.55 4.15 6.43 5.17
0.03 1.33 7.73 2.55 7.63 3.36 7.63 4.18 6.49 5.20
0.04 1.33 7.81 2.57 7.71 3.39 7.71 4.21 6.56 5.23
0.05 1.34 7.89 2.58 7.79 3.41 7.79 4.23 6.63 5.27
0.06 1.35 7.98 2.60 7.87 3.43 7.87 4.26 6.70 5.30
0.07 1.36 8.06 2.62 7.96 3.45 7.96 4.29 6.77 5.34
0.08 1.37 8.15 2.63 8.04 3.48 8.04 4.32 6.85 5.38
0.09 1.38 8.24 2.65 8.13 3.50 8.13 4.35 6.92 5.41
0.10 1.39 8.33 2.67 8.22 3.53 8.22 4.38 7.00 5.45
0.11 1.40 8.43 2.69 8.31 3.55 8.31 4.41 7.08 5.49
0.12 1.41 8.52 2.71 8.41 3.58 8.41 4.44 7.16 5.53
0.13 1.42 8.62 2.73 8.51 3.60 8.51 4.48 7.24 5.57
0.14 1.43 8.72 2.75 8.60 3.63 8.60 4.51 7.33 5.61
0.15 1.44 8.82 2.77 8.71 3.66 8.71 4.54 7.41 5.65
0.16 1.45 8.93 2.79 8.81 3.68 8.81 4.58 7.50 5.69
0.17 1.46 9.04 2.81 8.92 3.71 8.92 4.61 7.59 5.74
0.18 1.47 9.15 2.83 9.02 3.74 9.02 4.65 7.68 5.78
0.19 1.48 9.26 2.85 9.14 3.77 9.14 4.68 7.78 5.82
0.20 1.50 9.38 2.88 9.25 3.80 9.25 4.72 7.88 5.87
0.21 1.51 9.49 2.90 9.37 3.83 9.37 4.76 7.97 5.92
0.22 1.52 9.62 2.92 9.49 3.86 9.49 4.79 8.08 5.96
0.23 1.53 9.74 2.95 9.61 3.89 9.61 4.83 8.18 6.01
0.24 1.55 9.87 2.97 9.74 3.92 9.74 4.87 8.29 6.06
0.25 1.56 10.00 3.00 9.87 3.96 9.87 4.91 8.40 6.11
0.26 1.57 10.14 3.02 10.00 3.99 10.00 4.96 8.51 6.17
0.27 1.59 10.27 3.05 10.14 4.02 10.14 5.00 8.63 6.22
0.28 1.60 10.42 3.07 10.28 4.06 10.28 5.04 8.75 6.27
0.29 1.61 10.56 3.10 10.42 4.09 10.42 5.09 8.87 6.33
0.30 1.63 10.71 3.13 10.57 4.13 10.57 5.13 9.00 6.38
0.31 1.64 10.87 3.16 10.72 4.17 10.72 5.18 9.13 6.44
0.32 1.66 11.03 3.19 10.88 4.21 10.88 5.23 9.26 6.50
0.33 1.67 11.19 3.22 11.04 4.25 11.04 5.28 9.40 6.56
0.34 1.69 11.36 3.25 11.21 4.29 11.21 5.33 9.55 6.63
0.35 1.71 11.54 3.28 11.38 4.33 11.38 5.38 9.69 6.69
0.36 1.72 11.72 3.31 11.56 4.37 11.56 5.43 9.84 6.76
0.37 1.74 11.90 3.34 11.75 4.41 11.75 5.49 10.00 6.82
0.38 1.76 12.10 3.38 11.94 4.46 11.94 5.54 10.16 6.89
0.39 1.77 12.30 3.41 12.13 4.51 12.13 5.60 10.33 6.96
0.40 1.79 12.50 3.45 12.33 4.55 12.33 5.66 10.50 7.04
0.41 1.81 12.71 3.49 12.54 4.60 12.54 5.72 10.68 7.11
0.42 1.83 12.93 3.52 12.76 4.65 12.76 5.78 10.86 7.19
0.43 1.85 13.16 3.56 12.98 4.70 12.98 5.84 11.05 7.27
0.44 1.87 13.39 3.60 13.21 4.76 13.21 5.91 11.25 7.35
0.45 1.89 13.64 3.64 13.45 4.81 13.45 5.98 11.45 7.43
0.46 1.92 13.89 3.69 13.70 4.87 13.70 6.04 11.67 7.52
0.47 1.94 14.15 3.73 13.96 4.92 13.96 6.12 11.89 7.61
0.48 1.96 14.42 3.77 14.23 4.98 14.23 6.19 12.12 7.70
0.49 1.99 14.71 3.82 14.51 5.04 14.51 6.27 12.35 7.79
0.50 2.01 15.00 3.87 14.80 5.11 14.80 6.35 12.60 7.89
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fs La Al La Al La Al La Al La
0.00 5.30 5.80 4.75 7.00 3.80 9.90 2.00 13.10 0.55
0.01 5.35 5.84 4.80 7.04 3.84 9.96 2.02 13.18 0.56
0.02 5.41 5.87 4.85 7.09 3.88 10.03 2.04 13.27 0.56
0.03 5.46 5.91 4.90 7.14 3.92 10.09 2.06 13.35 0.57
0.04 5.52 5.95 4.95 7.18 3.96 10.16 2.08 13.44 0.57
0.05 5.58 5.99 5.00 7.23 4.00 10.23 2.11 13.53 0.58
0.06 5.64 6.03 5.05 7.28 4.04 10.29 2.13 13.62 0.59
0.07 5.70 6.07 5.11 7.33 4.09 10.36 2.15 13.71 0.59
0.08 5.76 6.11 5.16 7.38 4.13 10.43 2.17 13.81 0.60
0.09 5.82 6.16 5.22 7.43 4.18 10.51 2.20 13.90 0.60
0.10 5.89 6.20 5.28 7.48 4.22 10.58 2.22 14.00 0.61
0.11 5.96 6.24 5.34 7.53 4.27 10.65 2.25 14.10 0.62
0.12 6.02 6.29 5.40 7.59 4.32 10.73 2.27 14.20 0.63
0.13 6.09 6.33 5.46 7.64 4.37 10.81 2.30 14.30 0.63
0.14 6.16 6.38 5.52 7.70 4.42 10.89 2.33 14.41 0.64
0.15 6.24 6.43 5.59 7.75 4.47 10.97 2.35 14.51 0.65
0.16 6.31 6.47 5.65 7.81 4.52 11.05 2.38 14.62 0.65
0.17 6.39 6.52 5.72 7.87 4.58 11.13 2.41 14.73 0.66
0.18 6.46 6.57 5.79 7.93 4.63 11.22 2.44 14.84 0.67
0.19 6.54 6.62 5.86 7.99 4.69 11.31 2.47 14.96 0.68
0.20 6.63 6.68 5.94 8.06 4.75 11.39 2.50 15.08 0.69
0.21 6.71 6.73 6.01 8.12 4.81 11.48 2.53 15.20 0.70
0.22 6.79 6.78 6.09 8.19 4.87 11.58 2.56 15.32 0.71
0.23 6.88 6.84 6.17 8.25 4.94 11.67 2.60 15.44 0.71
0.24 6.97 6.89 6.25 8.32 5.00 11.77 2.63 15.57 0.72
0.25 7.07 6.95 6.33 8.39 5.07 11.87 2.67 15.70 0.73
0.26 7.16 7.01 6.42 8.46 5.14 11.97 2.70 15.84 0.74
0.27 7.26 7.07 6.51 8.54 5.21 12.07 2.74 15.97 0.75
0.28 7.36 7.13 6.60 8.61 5.28 12.18 2.78 16.11 0.76
0.29 7.46 7.20 6.69 8.69 5.35 12.28 2.82 16.25 0.77
0.30 7.57 7.26 6.79 8.76 5.43 12.39 2.86 16.40 0.79
0.31 7.68 7.33 6.88 8.84 5.51 12.51 2.90 16.55 0.80
0.32 7.79 7.40 6.99 8.93 5.59 12.62 2.94 16.70 0.81
0.33 7.91 7.46 7.09 9.01 5.67 12.74 2.99 16.86 0.82
0.34 8.03 7.54 7.20 9.09 5.76 12.86 3.03 17.02 0.83
0.35 8.15 7.61 7.31 9.18 5.85 12.99 3.08 17.18 0.85
0.36 8.28 7.68 7.42 9.27 5.94 13.11 3.13 17.35 0.86
0.37 8.41 7.76 7.54 9.37 6.03 13.24 3.17 17.53 0.87
0.38 8.55 7.84 7.66 9.46 6.13 13.38 3.23 17.70 0.89
0.39 8.69 7.92 7.79 9.56 6.23 13.52 3.28 17.89 0.90
0.40 8.83 8.00 7.92 9.66 6.33 13.66 3.33 18.07 0.92
0.41 8.98 8.09 8.05 9.76 6.44 13.80 3.39 18.27 0.93
0.42 9.14 8.17 8.19 9.87 6.55 13.95 3.45 18.46 0.95
0.43 9.30 8.26 8.33 9.97 6.67 14.11 3.51 18.67 0.96
0.44 9.46 8.36 8.48 10.09 6.79 14.27 3.57 18.88 0.98
0.45 9.64 8.45 8.64 10.20 6.91 14.43 3.64 19.09 1.00
0.46 9.81 8.55 8.80 10.32 7.04 14.60 3.70 19.31 1.02
0.47 10.00 8.65 8.96 10.44 7.17 14.77 3.77 19.54 1.04
0.48 10.19 8.76 9.13 10.57 7.31 14.95 3.85 19.78 1.06
0.49 10.39 8.86 9.31 10.70 7.45 15.13 3.92 20.02 1.08
0.50 10.60 8.98 9.50 10.83 7.60 15.32 4.00 20.27 1.10
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Table A2 lists the data corresponding to the phase boundaries for the projection of the Mg-rich 
portion of Mg-Al-La system, for Al, La ≤ 30 wt.%: 
Table A2 Phase boundaries. 
Table A3 lists the aluminium concentration corresponding to the 0.5 fraction of diffused Mg: 
Table A3 Aluminium concentration assuming Mg diffuses to 0.5 fraction of the solid. 
wt% Al wt% La wt% Al wt% La wt% Al wt% La wt% Al wt% La wt% Al wt% La wt% Al wt% La
2.18 30.29 0.00 21.70 0.00 15.04 13.01 5.98 17.39 2.56 5.08 14.86
2.70 26.36 0.08 21.70 0.73 15.04 13.61 6.28 18.36 2.81 7.53 10.96
3.43 21.90 0.37 21.74 1.81 14.99 14.38 6.58 19.25 3.07 13.01 5.98
5.08 14.86 0.69 21.74 3.43 14.95 15.74 7.18 20.21 3.41 17.39 2.56
1.17 21.78 5.08 14.86 17.11 7.92 21.38 3.76 19.57 1.34
1.69 21.78 18.92 8.78 22.63 4.19 23.96 0.34
2.22 21.86 20.57 9.81 23.75 4.75 26.45 0.00
2.62 21.86 22.10 10.71 25.08 5.22
2.98 21.86 23.84 11.75 26.41 5.82
3.14 21.90 25.53 12.95 27.90 6.42
3.43 21.90 26.94 13.94 29.15 7.20
28.10 14.85 30.68 7.88
29.39 16.01 32.09 8.92
30.48 17.04 32.97 9.26
31.16 17.60
PHASE BOUNDARIES
2.01 0.74
3.87 1.43
5.11 1.89
6.35 2.35
7.89 2.92
8.98 3.32
10.83 4.01
15.32 5.67
20.27 7.50
Al conc. At fs=50
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Appendix B - Experimental compositions 
Alloy Magnification Element  [norm. wt.%] Error in %
Magnesium 82.55 4.40
Aluminium 1.69 0.10
Lanthanum 15.75 0.48
Mg-2Al-17La x100
Alloy Magnification Element  [norm. wt.%] Error in %
Magnesium 82.82 5.21
Aluminium 14.38 0.81
Lanthanum 2.80 0.12
Mg-17Al-5La x100
Alloy Magnification Element  [norm. wt.%] Error in %
Magnesium 77.86 4.63
Aluminium 20.69 1.10
Lanthanum 1.45 0.07
Mg-23Al-2La x100
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Alloy Magnification Element  [norm. wt.%] Error in %
Magnesium 93.32 5.13
Aluminium 0.87 0.07
Lanthanum 5.81 0.20
Mg-1.3Al-7.5La x100
Alloy Magnification Element  [norm. wt.%] Error in %
Magnesium 92.67 5.45
Aluminium 1.86 0.12
Lanthanum 5.48 0.20
Mg-2.5Al-7.4La x100
Alloy Magnification Element  [norm. wt.%] Error in %
Magnesium 92.17 5.50
Aluminium 2.59 0.16
Lanthanum 5.24 0.19
Mg-3.3Al-7.4La x100
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Alloy Magnification Element  [norm. wt.%] Error in %
Magnesium 91.25 5.23
Aluminium 3.50 0.20
Lanthanum 5.25 0.19
Mg-4.1Al-6.3La x100
Alloy Magnification Element  [norm. wt.%] Error in %
Magnesium 91.85 5.43
Aluminium 4.65 0.26
Lanthanum 3.50 0.14
Mg-5.8Al-4.75La x100
Alloy Magnification Element  [norm. wt.%] Error in %
Magnesium 91.48 5.34
Aluminium 5.85 0.32
Lanthanum 2.68 0.11
Mg-7Al-3.8La x100
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Alloy Magnification Element  [norm. wt.%] Error in %
Magnesium 90.57 5.53
Aluminium 7.95 0.45
Lanthanum 1.48 0.07
Mg-9.9Al-2La x100
Alloy Magnification Element  [norm. wt.%] Error in %
Magnesium 88.07 5.57
Aluminium 9.73 0.56
Lanthanum 1.20 0.10
Mg-13.1Al-0.55La x100
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Appendix C - Primary phase field alloys: Phase composition 
Uncertainty analysis 
To calculate the relative uncertainty in results, a power law analysis is used: 
To calculate uncertainty in x, where x =  
Al
La
 from AlxLa: 
δx
x
= √(n1  
δAl
Al
)
2
+ (n2  
δLa
La
)
2
For Mg − 2Al − 17La below →  
𝛅𝐱
𝐱
= √((1) (0.36))2 + ((−1) (0.81))2 = 𝟎. 𝟖𝟗% 
Application of this calculation tends to all Al-La binary system phases. 
Mg-2Al-17La 
Alloy Phase Magnification-# Element [norm. at.%] Error in %
Magnesium 83.67 3.08
Aluminium 9.37 0.36
Lanthanum 6.96 0.81
Ratio 
Al/La
Relative 
error in %
1.35 0.89
2500_01Al2LaMg-2Al-17La
Alloy Phase Magnification-# Element [norm. at.%] Error in %
Magnesium 81.02 2.54
Aluminium 10.36 0.34
Lanthanum 8.61 0.85
Relative 
error in %
0.92
Mg-2Al-17La 6000_01Al2La
Ratio 
Al/La
1.20
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Alloy Phase Magnification-# Element [norm. at.%] Error in %
Magnesium 95.10 4.14
Aluminium 1.75 0.10
Lanthanum 3.15 0.45
Mg-2Al-17La 2500_01Mg12La
Alloy Phase Magnification-# Element [norm. at.%] Error in %
Magnesium 95.38 4.36
Aluminium 1.49 0.09
Lanthanum 3.13 0.47
Mg-2Al-17La 2500_03Mg12La
Alloy Phase Magnification-# Element [norm. at.%] Error in %
Magnesium 95.02 4.21
Aluminium 2.16 0.12
Lanthanum 2.82 0.41
Mg-2Al-17La 6000_01Mg12La
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Mg-17Al-5La 
Alloy Phase Magnification-# Element [norm. at.%] Error in %
Magnesium 28.48 0.83
Aluminium 56.28 1.58
Lanthanum 15.24 1.37
Ratio 
Al/La
Mg-17Al-5La 2500_01Al11La3
Relative 
error in %
3.69 2.09
Alloy Phase Magnification-# Element [norm. at.%] Error in %
Magnesium 59.86 2.21
Aluminium 31.04 1.23
Lanthanum 9.10 0.71
Ratio  
Al/La
Relative 
error in %
Mg-17Al-5La Al11La3 6000_03
3.41 1.42
Alloy Phase Magnification-# Element [norm. at.%] Error in %
Magnesium 73.52 4.02
Aluminium 26.44 1.42
Lanthanum 0.05 0.03
Mg-17Al-5La 2500_01Mg17Al12
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Mg-23Al-2La 
Alloy Phase Magnification-# Element [norm. at.%] Error in %
Magnesium 73.28 2.98
Aluminium 26.62 1.07
Lanthanum 0.10 0.04
Mg17Al12 6000_03Mg-17Al-5La
Alloy Phase Magnification-# Element [norm. at.%] Error in %
Magnesium 25.69 0.75
Aluminium 59.85 1.72
Lanthanum 14.46 1.11
Mg-23Al-2La 2500_03Al11La3
Ratio  
Al/La
Relative 
error in %
4.14 2.05
Alloy Phase Magnification-# Element [norm. at.%] Error in %
Magnesium 25.41 0.75
Aluminium 60.22 1.70
Lanthanum 14.38 1.30
Mg-23Al-2La 6000_01Al11La3
Ratio 
Al/La
Relative 
error in %
4.19 2.13
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Alloy Phase Magnification-# Element [norm. at.%] Error in %
Magnesium 72.81 3.88
Aluminium 27.16 1.42
Lanthanum 0.03 0.03
Mg-23Al-2La 2500_03Mg17Al12
Alloy Phase Magnification-# Element [norm. at.%] Error in %
Magnesium 73.05 4.24
Aluminium 26.90 1.54
Lanthanum 0.06 0.04
6000_01Mg17Al12Mg-23Al-2La
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Appendix D – Mg-rich alloys: Phase composition 
1.3Al-7.5La 
Alloy Presumed Phase Magnification-# Element [norm. at.%] Error in %
Magnesium 81.34 3.42
Aluminium 12.59 0.54
Lanthanum 6.07 0.81
Mg-1.3Al-7.5La 6000_01a
Ratio 
Al/La
Relative 
error in %
2.07 0.97
Al2La
Alloy Presumed Phase Magnification-# Element [norm. at.%] Error in %
Magnesium 95.59 4.29
Aluminium 1.89 0.11
Lanthanum 2.52 0.37
Mg12LaMg-1.3Al-7.5La 2500_03
Alloy Presumed Phase Magnification-# Element [norm. at.%] Error in %
Magnesium 95.64 4.56
Aluminium 1.85 0.11
Lanthanum 2.51 0.39
Mg12LaMg-1.3Al-7.5La 6000_01
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2.5Al-7.4La 
Alloy Presumed Phase Magnification-# Element [norm. at.%] Error in %
Magnesium 95.76 4.39
Aluminium 1.51 0.09
Lanthanum 2.73 0.41
Mg12LaMg-1.3Al-7.5La 6000_03
Alloy Presumed Phase Magnification-# Element [norm. at.%] Error in %
Magnesium 81.37 3.50
Aluminium 12.50 0.54
Lanthanum 6.13 0.84
Al2LaMg-2.5Al-7.4La 2500_01a
Ratio 
Al/La
Relative 
error in %
2.04 1.00
Alloy Presumed Phase Magnification-# Element [norm. at.%] Error in %
Magnesium 80.07 3.42
Aluminium 14.05 0.60
Lanthanum 5.88 0.80
Al2LaMg-2.5Al-7.4La 6000_01a
Ratio 
Al/La
Relative 
error in %
2.39 1.00
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Alloy Presumed Phase Magnification-# Element [norm. at.%] Error in %
Magnesium 94.92 5.12
Aluminium 3.57 0.21
Lanthanum 1.50 0.28
Al11La3Mg-2.5Al-7.4La 2500_03
Ratio  
Al/La
Relative 
error in %
2.38 0.35
Alloy Presumed Phase Magnification-# Element [norm. at.%] Error in %
Magnesium 94.26 4.63
Aluminium 4.18 0.22
Lanthanum 1.56 0.26
Relative 
error in %
2.69 0.34
Ratio 
Al/La
Al11La3Mg-2.5Al-7.4La 6000_01
Alloy Presumed Phase Magnification-# Element [norm. at.%] Error in %
Magnesium 94.76 4.61
Aluminium 3.73 0.20
Lanthanum 1.51 0.25
Ratio 
Al/La
Relative 
error in %
2.46 0.32
Mg-2.5Al-7.4La 6000_02Al11La3
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Alloy Presumed Phase Magnification-# Element [norm. at.%] Error in %
Magnesium 94.47 3.34
Aluminium 2.44 0.11
Lanthanum 3.09 0.36
Mg-2.5Al-7.4La 2500_01_aMg12La
Alloy Presumed Phase Magnification-# Element [norm. at.%] Error in %
Magnesium 93.36 4.10
Aluminium 3.48 0.17
Lanthanum 3.16 0.45
Mg-2.5Al-7.4La 2500_01Mg12La
Alloy Presumed Phase Magnification-# Element [norm. at.%] Error in %
Magnesium 94.56 4.24
Aluminium 2.50 0.13
Lanthanum 2.94 0.43
Mg-2.5Al-7.4La 2500_03Mg12La
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Alloy Presumed Phase Magnification-# Element [norm. at.%] Error in %
Magnesium 94.13 4.59
Aluminium 2.95 0.16
Lanthanum 2.92 0.46
Mg-2.5Al-7.4La 6000_01_aMg12La
Alloy Presumed Phase Magnification-# Element [norm. at.%] Error in %
Magnesium 94.44 4.48
Aluminium 2.50 0.14
Lanthanum 3.06 0.47
Mg-2.5Al-7.4La 6000_01Mg12La
Alloy Presumed Phase Magnification-# Element [norm. at.%] Error in %
Magnesium 94.55 4.47
Aluminium 2.51 0.14
Lanthanum 2.94 0.45
Mg-2.5Al-7.4La 6000_02Mg12La
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3.3Al-7.4La 
Alloy Presumed Phase Magnification-# Element [norm. at.%] Error in %
Magnesium 81.27 3.38
Aluminium 13.48 0.57
Lanthanum 5.25 0.70
Al2La
Ratio 
Al/La
Relative 
error in %
2.57 0.90
Mg-3.3Al-7.4La 6000_02
Alloy Presumed Phase Magnification-# Element [norm. at.%] Error in %
Magnesium 68.74 2.51
Aluminium 21.80 0.79
Lanthanum 9.46 1.09
2.30 1.35
Ratio 
Al/La
Relative 
error in %
Al3LaMg-3.3Al-7.4La 6000_02a
Alloy Presumed Phase Magnification-# Element [norm. at.%] Error in %
Magnesium 86.26 3.81
Aluminium 9.90 0.45
Lanthanum 3.84 0.55
Ratio 
Al/La
2.58
Relative 
error in %
0.71
2500_01Mg-3.3Al-7.4La Al11La3
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Alloy Presumed Phase Magnification-# Element [norm. at.%] Error in %
Magnesium 87.77 3.70
Aluminium 8.05 0.35
Lanthanum 4.18 0.57
2500_02
Ratio 
Al/La
Relative 
error in %
1.92 0.67
Al11La3Mg-3.3Al-7.4La
Alloy Presumed Phase Magnification-# Element [norm. at.%] Error in %
Magnesium 95.39 5.15
Aluminium 3.31 0.20
Lanthanum 1.31 0.24
Relative 
error in %
2.53 0.31
Mg-3.3Al-7.4La 2500_01
Ratio 
Al/La
Al11La3
Alloy Presumed Phase Magnification-# Element [norm. at.%] Error in %
Magnesium 95.32 4.93
Aluminium 3.37 0.19
Lanthanum 1.31 0.23
Ratio 
Al/La
Relative 
error in %
2.58 0.30
Mg-3.3Al-7.4La 2500_02Al11La3
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Alloy Presumed Phase Magnification-# Element [norm. at.%] Error in %
Magnesium 94.76 4.56
Aluminium 2.24 0.13
Lanthanum 3.00 0.47
Mg-3.3Al-7.4La 2500_01Mg12La
Alloy Presumed Phase Magnification-# Element [norm. at.%] Error in %
Magnesium 94.67 4.19
Aluminium 2.27 0.12
Lanthanum 3.06 0.44
Mg-3.3Al-7.4La 2500_02Mg12La
Alloy Presumed Phase Magnification-# Element [norm. at.%] Error in %
Magnesium 94.34 4.49
Aluminium 2.59 0.14
Lanthanum 3.07 0.48
Mg-3.3Al-7.4La 6000_02Mg12La
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4.1Al-6.3La 
Alloy Presumed Phase Magnification-# Element [norm. at.%] Error in %
Magnesium 68.24 2.32
Aluminium 22.03 0.75
Lanthanum 9.72 1.04
Ratio 
Al/La
Relative 
error in %
2.27 1.28
Al3LaMg-4.1Al-6.3La 6000_01
Alloy Presumed Phase Magnification-# Element [norm. at.%] Error in %
Magnesium 95.11 4.74
Aluminium 3.58 0.20
Lanthanum 1.30 0.22
Ratio 
Al/La
Relative 
error in %
2.75 0.30
Mg-4.1Al-6.3La 2500_01Al11La3
Alloy Presumed Phase Magnification-# Element [norm. at.%] Error in %
Magnesium 94.84 5.03
Aluminium 3.88 0.22
Lanthanum 1.29 0.24
Ratio 
Al/La
Relative 
error in %
3.01 0.33
Al11La3Mg-4.1Al-6.3La 6000_01
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5.8Al-4.75La 
Alloy Presumed Phase Magnification-# Element [norm. at.%] Error in %
Magnesium 66.88 2.64
Aluminium 24.27 0.95
Lanthanum 8.85 1.10
Ratio 
Al/La
Relative 
error in %
Al3La 2.74 1.45
Mg-5.8Al-4.75La 2500_01a
Alloy Presumed Phase Magnification-# Element [norm. at.%] Error in %
Magnesium 84.22 4.69
Aluminium 12.17 0.68
Lanthanum 3.61 0.64
Ratio 
Al/La
Relative 
error in %
3.37 0.94
2500_03Al11La3Mg-5.8Al-4.75La
Alloy Presumed Phase Magnification-# Element [norm. at.%] Error in %
Magnesium 94.06 4.41
Aluminium 4.73 0.24
Lanthanum 1.21 0.20 0.31
Ratio 
Al/La
Relative 
error in %
Mg-5.8Al-4.75La Al11La3 2500_01a 3.90
University of Queensland Engineering Thesis 
57 
Alloy Presumed Phase Magnification-# Element [norm. at.%] Error in %
Magnesium 95.47 5.20
Aluminium 3.81 0.23
Lanthanum 0.72 0.15
Ratio 
Al/La
Relative 
error in %
5.28 0.27
Mg-5.8Al-4.75La 2500_02aAl11La3
Alloy Presumed Phase Magnification-# Element [norm. at.%] Error in %
Magnesium 95.13 5.29
Aluminium 4.06 0.24
Lanthanum 0.81 0.16
Ratio 
Al/La
Relative 
error in %
4.98 0.29
Mg-5.8Al-4.75La 2500_02Al11La3
Alloy Presumed Phase Magnification-# Element [norm. at.%] Error in %
Magnesium 95.01 5.39
Aluminium 4.21 0.26
Lanthanum 0.78 0.16 0.30
Ratio 
Al/La
Relative 
error in %
Mg-5.8Al-4.75La 2500_03Al11La3 5.39
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7Al-3.8La 
Alloy Presumed Phase Magnification-# Element [norm. at.%] Error in %
Magnesium 66.28 2.74
Aluminium 25.45 1.04
Lanthanum 8.27 1.07
1.49
Al3La
Ratio 
Al/La
Relative 
error in %
3.08
Mg-7Al-3.8La 2500_01
Alloy Presumed Phase Magnification-# Element [norm. at.%] Error in %
Magnesium 82.02 3.24
Aluminium 15.30 0.61
Lanthanum 2.68 0.35
2500_02
Ratio 
Al/La
Relative 
error in %
5.70 0.70
Al11La3Mg-7Al-3.8La
Alloy Presumed Phase Magnification-# Element [norm. at.%] Error in %
Magnesium 80.67 3.35
Aluminium 17.16 0.71
Lanthanum 2.16 0.30
2500_04
Ratio 
Al/La
Relative 
error in %
7.93 0.77
Al11La3Mg-7Al-3.8La
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9.9Al-2La 
Alloy Presumed Phase Magnification-# Element [norm. at.%] Error in %
Magnesium 85.10 3.91
Aluminium 12.47 0.58
Lanthanum 2.43 0.37
5.13 0.69
6000_01
Ratio 
Al/La
Relative 
error in %
Al11La3Mg-7Al-3.8La
Alloy Presumed Phase Magnification-# Element [norm. at.%] Error in %
Magnesium 95.33 5.14
Aluminium 3.81 0.22
Lanthanum 0.86 0.17
Ratio 
Al/La
Relative 
error in %
4.43 0.28
Al11La3Mg-7Al-3.8La 2500_01a
Alloy Presumed Phase Magnification-# Element [norm. at.%] Error in %
Magnesium 35.00 1.10
Aluminium 50.19 1.52
Lanthanum 14.81 1.43
Ratio  
Al/La
Relative 
error in %
3.39 2.09
Mg-9.9Al-2La 2500_03Al11La3
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13.1Al-0.55La 
Alloy Presumed Phase Magnification-# Element [norm. at.%] Error in %
Magnesium 73.83 3.38
Aluminium 26.17 1.18
Lanthanum 0.00 0.00
Mg-9.9Al-2La 2500_03Mg17Al12
Alloy Presumed Phase Magnification-# Element [norm. at.%] Error in %
Magnesium 76.27 3.30
Aluminium 23.58 1.01
Lanthanum 0.14 0.04
6000_01Mg17Al12Mg-9.9Al-2La
Alloy Presumed Phase Magnification-# Element [norm. at.%] Error in %
Magnesium 21.00 0.57
Aluminium 59.86 1.54
Lanthanum 19.14 1.56
Mg-13.1Al-0.55La 600_02aaAl11La3
Ratio  
Al/La
Relative 
error in %
3.13 2.19
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Alloy Presumed Phase Magnification-# Element [norm. at.%] Error in %
Magnesium 75.66 3.00
Aluminium 24.07 0.95
Lanthanum 0.27 0.06
Mg-13.1Al-0.55La 2500_01Mg17Al12
Alloy Presumed Phase Magnification-# Element [norm. at.%] Error in %
Magnesium 75.38 3.23
Aluminium 24.36 1.03
Lanthanum 0.26 0.06
Mg-13.1Al-0.55La 6000_01aMg17Al12
Alloy Presumed Phase Magnification-# Element [norm. at.%] Error in %
Magnesium 74.91 3.81
Aluminium 25.09 1.26
Lanthanum 0.00 0.00
Mg-13.1Al-0.55La 6000_01Mg17Al12
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Appendix E – ImageJ analysis  
Primary phase field alloys: Area fraction 
Figure E1 details the morphologies of phases via separation of Mg: 
Figure E1 ImageJ separated Mg phase for x100 mag. - 1: Mg-2Al-17La, 2: Mg-17Al-5La, 
3: Mg-23Al-2La. 
Table E1 contains the full ImageJ phase data output: 
Table E1 ImageJ output for individual phases for primary phase field alloys. 
Alloy Phase Count Total Area Average Size %Area
AlxLay 165 0.037 2.22E-04 0.10
Mg12La 98 30.78 3.14E-01 85.05
Mg12La* 47355 5.38 1.14E-04 14.85
Total 6196 1223581 100
Al11La3 1404 2.58 2.00E-03 7.13
Mg 35198 11.35 3.22E-04 31.32
Mg17Al12 4782 22.30 5.00E-03 61.55
Total 41384 36.23 100
Al11La3 1459 44571 30.55 3.64
Mg 13767 452676 32.88 36.95
Mg17Al12 5851 727713 124.37 59.41
Total 21077 1224960 100
ImageJ Phase Data
Mg-17Al-5La
Mg-23Al-2La
Mg-2Al-17La
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Mg-rich alloys: Area fraction 
Figure E2 details the morphologies of phases via separation of Mg: 
Figure E2 ImageJ separated Mg phase for x100 mag. - 4: Mg-1.3Al-7.5La, 5: Mg-2.5Al-
7.4La, 6: Mg-3.3Al-7.4La, 7: Mg-4.1Al-6.3La, 8: Mg-5.8Al-4.75La, 9: Mg-7Al-3.8La, 10: 
Mg-9.9Al-2La, 11: Mg-13.1Al-0.55La. 
Table E2 contains the full ImageJ phase data output: 
Table E2 ImageJ output for individual phases for Mg-rich alloys. 
Alloy Phase Count Total Area Average Size %Area
AlxLay 1951 3890 1.99 0.32
Mg 2300 811136 352.67 66.29
Mg12La 1945 408555 210.05 33.39
Total 6196 1223581 100
Alloy Phase Count Total Area Average Size %Area
Al11La3 42762 170094 3.98 13.89
AlxLay 19963 37549 1.88 3.07
Mg 2234 850053 380.51 69.39
Mg12La 27126 167264 6.17 13.66
Total 92085 1224960 100
Alloy Phase Count Total Area Average Size %Area
Al11La3 35775 291041 8.14 23.76
AlxLay 17860 34243 1.92 2.80
Mg 5858 793563 135.47 64.78
Mg12La 36108 106113 2.94 8.66
Total 95601 1224960 100
Alloy Phase Count Total Area Average Size %Area
Al11La3 9637 667005 69.21 54.55
AlxLay 23460 56116 2.39 4.59
Mg 17145 499603 29.14 40.86
Total 50242 1222724 100
Alloy Phase Count Total Area Average Size %Area
Al11La3 17832 11.473 6.43E-04 31.68
Alx1Lax2 19017 1.709 8.99E-05 4.72
Mg 4889 23.038 5.00E-03 63.61
Total 41738 36.22 100
Alloy Phase Count Total Area Average Size %Area
Al11La3 35939 269692 7.50 22.06
AlxLay 13135 35054 2.67 2.87
Mg 1570 890623 567.28 72.84
Mg17Al12 24415 27355 1.12 2.24
Total 75059 1222724 100
Alloy Phase Count Total Area Average Size %Area
Al11La3 12395 93136 7.51 7.63
Mg 8188 594428 72.60 48.70
Mg17Al12 18551 532926 28.73 43.67
Total 39134 1220490 100
Alloy Phase Count Total Area Average Size %Area
Al11La3 2750 78060 28.39 6.40
Mg 4778 617216 129.18 50.59
Mg17Al12 15254 524890 34.41 43.02
Total 22782 1220166 100
ImageJ Phase Data
Mg-13.1Al-0.55La
Mg-9.9Al-2La
Mg-2.5Al-7.4La
Mg-3.3Al-7.4La
Mg-7Al-3.8La
Mg-4.1Al-6.3La
Mg-5.8Al-4.75La
Mg-1.3Al-7.5La
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Alloy Phase Count Total Area Average Size %Area
AlxLay 1951 3890 1.99 0.32
Mg 2300 811136 352.67 66.29
Mg12La 1945 408555 210.05 33.39
Total 6196 1223581 100
Alloy Phase Count Total Area Average Size %Area
Al11La3 42762 170094 3.98 13.89
AlxLay 19963 37549 1.88 3.07
Mg 2234 850053 380.51 69.39
Mg12La 27126 167264 6.17 13.66
Total 92085 1224960 100
Alloy Phase Count Total Area Average Size %Area
Al11La3 35775 291041 8.14 23.76
AlxLay 17860 34243 1.92 2.80
Mg 5858 793563 135.47 64.78
Mg12La 36108 106113 2.94 8.66
Total 95601 1224960 100
Alloy Phase Count Total Area Average Size %Area
Al11La3 9637 667005 69.21 54.55
AlxLay 23460 56116 2.39 4.59
Mg 17145 499603 29.14 40.86
Total 50242 1222724 100
Alloy Phase Count Total Area Average Size %Area
Al11La3 17832 11.473 6.43E-04 31.68
Alx1Lax2 19017 1.709 8.99E-05 4.72
Mg 4889 23.038 5.00E-03 63.61
Total 41738 36.22 100
Alloy Phase Count Total Area Average Size %Area
Al11La3 35939 269692 7.50 22.06
AlxLay 13135 35054 2.67 2.87
Mg 1570 890623 567.28 72.84
Mg17Al12 24415 27355 1.12 2.24
Total 75059 1222724 100
Alloy Phase Count Total Area Average Size %Area
Al11La3 12395 93136 7.51 7.63
Mg 8188 594428 72.60 48.70
Mg17Al12 18551 532926 28.73 43.67
Total 39134 1220490 100
Alloy Phase Count Total Area Average Size %Area
Al11La3 2750 78060 28.39 6.40
Mg 4778 617216 129.18 50.59
Mg17Al12 15254 524890 34.41 43.02
Total 22782 1220166 100
ImageJ Phase Data
Mg-13.1Al-0.55La
Mg-9.9Al-2La
Mg-2.5Al-7.4La
Mg-3.3Al-7.4La
Mg-7Al-3.8La
Mg-4.1Al-6.3La
Mg-5.8Al-4.75La
Mg-1.3Al-7.5La
Alloy Phase Count Total Area Average Size %Area
AlxLay 1951 3890 1.99 0.32
Mg 2300 811136 352.67 66.29
Mg12La 1945 408555 210.05 33.39
Total 6196 1223581 100
Alloy Phase Count Total Area Average Size %Area
Al11La3 42762 170094 3.98 13.89
AlxLay 19963 37549 1.88 3.07
g 2234 850053 380.51 69.39
lloy ase o t otal rea verage ize rea
Al11La3 35775 291041 8.14 23.76
AlxLay 17860 34243 1.92 2.80
Mg 5858 793563 135.47 64.78
Mg12La 36108 106113 2.94 8.66
Total 95601 1224960 100
Alloy Phase Count Total Area Average Size %Area
l11 3 9637 667005 69.21 54.55
AlxLay 23460 56116 2.39 4.59
Mg 171 5 499603 29.14 40.86
Total 50242 1222724 100
Alloy Phase Count Total Area Average Size %Area
Al11La3 17832 11.473 6.43E-04 31.68
Alx1Lax2 19017 1.709 8.99E-05 4.72
Mg 4889 23.038 5.00E-03 63.61
Total 41738 36.22 100
Alloy Phase Count Total Area Average Size %Area
Al11La3 35939 269 92 7.50 2 06
AlxLay 1313 350 4 2 67 87
Mg 1570 890623 567.28 72.84
Mg17Al12 24415 27355 1.12 2.24
Total 75059 1222724 100
Alloy Phase Count Total Area Average Size %Area
Al11La3 12395 93136 7.51 7.63
Mg 8188 594428 72.60 48.70
Mg17Al12 18551 532926 28.73 43.67
Total 39134 1220490 100
Alloy Phase Count Total Area Average Size %Area
Al11La3 2750 78 60 28.39 6.4
Mg 4778 617216 129.18 50.59
Mg17Al12 15254 524890 34.41 43.02
Total 22782 1220166 100
ImageJ Phase Data
Mg-13.1Al-0.55La
Mg-9.9Al-2La
g-2.5 l-7.4 a
Mg-3.3Al-7.4La
Mg-7Al-3.8La
Mg-4.1Al-6.3La
Mg-5.8Al-4.75La
Mg-1.3Al-7.5La
